We propose an improved method to design freeform reflectors for architectural lighting: one for accent lighting and another for large area wall washing. The designed freeform reflectors effectively distribute light fluxes over the target surfaces, and generate appropriate illumination patterns for comfortable visual environments, which provides greater flexibility for lighting designs, allows many challenging designs, and improves energy-efficiency simultaneously.
Introduction
Freeform optics have been widely used in solar concentrators [1, 2] , display systems [3] [4] [5] [6] , and illumination applications [7] [8] [9] because of its versatility and exceptional performance. Among them, using freeform optics for architectural lighting is of vital importance because a successful lighting not only helps people to see comfortably and effectively, but also promotes an appropriate visual environment. Sufficient luminance intensity allows people to see clearly, high contrast helps attract attention, non-uniform illumination on the wall offers the sense of relaxation, and applying higher luminance more uniformly to the wall enhances the impression of spaciousness [10] [11] [12] . Roughly speaking, there are two main types of freeform components used for architectural lighting: 1) the freeform reflector [8, 13] , which uses the law of reflection, and 2) the freeform lens [14] [15] [16] [17] which uses both refraction and total internal reflection. Although both approaches can achieve exceptional results, freeform reflector is sometimes preferred due to its negligible chromatic aberration.
In this paper, we develop an improved method for designing freeform reflectors based on the supporting ellipsoid approach [18, 19] . We have modified the intersection calculation method [16, 20] to improve the speed and accuracy of the reflector generation process. Meanwhile, we have also developed the average calculation method to simplify the process of surface representation. After explaining the design method, we apply our freeform reflector to two architectural lighting cases: one for accent lighting and another for large area uniform wall washing. Our promising results suggest that freeform reflectors have great potential applications in architectural lighting.
Design method

Determination of ellipsoid patches
Here, we elucidate our design of freeform reflector using the supporting ellipsoid approach, which is based on the point source assumption. The detailed design approach can be explained as follows: first, the task area is divided into N x × N y meshes and then each mesh is assigned with predetermined illuminance to meet the desired illumination pattern (uniform, Gaussian, etc.). Each task mesh corresponds to a reflecting ellipsoid whose optical property is that light coming from one of the foci will be reflected to the other focus. For the mesh i th in x direction and j th in y direction, we can create such an ellipsoid that one focal point is at the origin O and the other is on the mesh center m ij . The distance between the origin and the mesh center is the focal distance f ij . Mathematically this ellipsoid can be described as [19] :
here a is the semi-axis, c is one half of the focal distance f, m is the unit vector at the polar angle θ and azimuthal angle φ, and v = v / v is the unit vector joining two foci. Totally, there are N x × N y ellipsoids, and these ellipsoids partially overlap because they have the origin as their common focal point. As depicted in Fig. 1 , to define a crossing reflector, the first ellipsoid surface intersecting the light ray reflects the light [21] . The final reflector combines a portion of every ellipsoid; each piece belongs to the ellipsoid closest to the origin in that direction. The surface area of an ellipsoid piece determines the amount of luminous flux that it collects. The combination of all ellipsoid pieces determines the final light distribution pattern. Fig. 1 . Task area is divided into N x and N y rectangular meshes. Each mesh has a corresponding ellipsoid with one focal point on the origin O and the other on the mesh center m ij . In any direction, the first ellipsoid surface intersecting the light ray reflects the light. The entire reflector combines a portion of every ellipsoid, and each piece belongs to the ellipsoid, which is the closest to the origin in that direction. The surface area of the ellipsoid piece determines the amount of flux that it collects.
As discussed above, determining the semi-axis a of the ellipsoids is the key to the reflector design, and there are two kinds of iterative algorithms to determine them: the adaptive approach and the Oliker's algorithms. The adaptive approach is based on global optimization algorithms such as the least square optimization and the genetic algorithm [22] . This kind of approach usually has fast converging speed but there is no guarantee that it will converge to the global minimum. The Oliker's algorithm has slower converging speed; however, it guarantees that the solution will converge to the global minimum. In this sense, we will use the Oliker's algorithm to generate the reflectors. The detailed approach is outlined as follows: A) Setting the initial parameters: To define a crossing reflector, the initial parameters should be set such that all the flux is collected by the reference ellipsoid. Thus, the semi-axis of all the other ellipsoids is set to the maximum value (except for the reference ellipsoid) [23] :
In Eq. With Oliker's algorithm, the illuminance distribution will converge towards the targeted distribution until the difference between S ij and T ij is smaller than the stopping criterion. As
Oliker's approach transfers flux from the reference ellipsoid to the other ellipsoids, the main concern is that when the algorithm converges most of the flux is still collected by the reference ellipsoid. In this sense, the stopping criterion u is defined as:
here EPS is the predetermined stopping value (for example, 5%). Even though Oliker's algorithm is well established, we have modified the illuminance evaluation process to improve the accuracy and speed of the algorithm by combining Monte Carlo ray tracing with our modified intersection calculation method. The evaluation process is usually done only by Monte Carlo ray tracing only and the main drawback of this approach is that it requires millions of rays to ensure the accuracy [24] . It means that the ray tracing approach is usually time consuming. However, if we look at the illuminance from a Lambertian source with a luminance of L:
here Ω is the solid angle and ω is the projected solid angle. From Eq. (4), we can see that for a Lambertian source, the illuminance is proportional to the projected solid angle. As described in [16] , the projected solid angle can be estimated by calculating the intersection between adjacent ellipsoids. Moreover, this approach can be modified and extended to non-Lambertian sources [25] . Figure 2 (a) is a representation of the projected solid angles of 25 × 25 sampling ellipsoids over a collection angle of 40°. Each polygon represents the corresponding ellipsoid patch. In addition, the projected solid angle is represented by the area of the polygon. Figure  2(b) is the close-up view of four adjacent ellipsoids. We can determine from it that at the vertex between four adjacent ellipsoids, there are four 3-ellipsoid intersection points. However, only two of them are on the boundary of the ellipsoid patches. While the other two are within the ellipsoids (the green points). As demonstrated in [16] , for the worst scenario, 4(N x -1)(N y -1) calculations have to be done to determine the inner boundaries. This, however, can be simplified if we take a closer look at the adjacent four ellipsoids, as illustrated in For the four points, if P 1 is on the boundary of the ellipsoids, then P 4 will definitely be on the boundary of the ellipsoids, whereas P 2 and P 3 will not. This is because logically if P 2 is on the boundary, we will have two points on the "lower" boundary between m i,j and m i,j+1 . For the two points, one is definitely at the inner side of the other, which contradicts to the definition of boundary. Similar principle can also be applied to P 3 . As for P 4 , if it is not on the ellipsoids boundary, then we cannot determine the upper-left boundary point of m i+1,j+1. Base on the abovementioned analysis, the four 3-ellipsoid intersection points calculation can be simplified as follows:
1. To calculate P 1 ; 2. If P 1 is on the boundary, then we just need to calculate P 4 , and P 1 and P 4 are the two points on the ellipsoid patch boundaries;
With the simplified approach, we have to calculate only 3(Nx-1)(Ny-1) points for the worst scenario to determine the inner boundaries. Such improvement implies that the speed of the intersection calculation method can be further improved. 
Surface representation
With Oliker's algorithm, it is possible to determine the ellipsoid patches. However, this is not enough to determine the reflector. As the algorithm is based on the discrete sampling patches, a direct interpretation of the ellipsoid patches will only result in discrete target points instead of a continuous target distribution. Thus, surface smoothing/interpolation is required to ensure the desired target illuminance distribution. There are quite a few approaches for the surface interpolation, such as sampling the reflector along the θ and φ direction and the source-task mapping method to generate an integrable reflector [8] . These approaches work extremely well, however, the interpolation process of these approaches have not been fully analyzed. In our approach, we use an average calculation method to determine the reflector. After the ellipsoid patches are determined, each ellipsoid patch is traced with ten-thousand sampled rays, and we can get the intersection points coordinates between the rays and the ellipsoid patch. For the ellipsoid patch m ij , it is represented by the coordinate average of the tenthousand intersection points (x ij , y ij , z ij ). This coordinate is different from the geometrical center of the ellipsoid as it represents the ray tracing process. The assumption that each ellipsoid patch has to be traced with equal number of rays can be lifted, provided that the source is well sampled. The coordinates of these N x × N y points are imported to LightTools as a freeform surface and then the built-in curvature smoothing feature is applied to reduce the noise. Our results in Section 3 indicate that this approach has a good enough performance.
Two design examples
Freeform reflector for direct lighting
The first design example is a freeform reflector for uniformly illuminating a square area of 3.2m × 3.2m located at 3m away from the light source, as Fig. 3(a) depicts. This configuration is typical for direct indoor lighting and street lighting. The reflector, which is located at 10mm away from the light source, has a dimension of ~13mm × 13mm × 2.5mm, and is constructed based on 25 × 25 ellipsoid patches, as shown in Fig. 3(b) . The light source is a Lambertian point source. Over the collection angle of 40°, the freeform reflector can successfully cast the intended light pattern on the target plane, as indicated by Fig. 3(c) . A problem of using freeform reflector for direct lighting is that the light source has to be placed between the reflector and the target plane. In a real world, the light emitting diode (LED) light source is not a point source, and it will definitely block a portion of the light because of the packaging, printed circuit board (PCB), and other mechanical parts. This can be verified by replacing the point source with a real LED source CL-194S-WS, whose packaging is shown in Fig. 4(a) . We can see that the mechanical part cannot transmit light and there will be a "hole" in the illumination pattern, as illustrated in Fig. 4(b) . A possible solution is to make a hole in the center of the reflector so that the reflected light will not be blocked by the light source. However, this solution usually has to be designed case-by-case based on the real LED geometry, especially when the LED packaging is complex. Thus, it is not preferred to use freeform reflector for direct lighting because of the light blockage. 
Freeform reflector for wall washing and accent lighting
Without special designs, the emission cones of most available LEDs are nearly hemispherical, which is close to Lambertian radiation pattern. To collect most of the LED light, ideally the freeform reflector should cover LED's entire emission window. However, LED package and PCB as well as LED base that physically holds everything together will block a portion of freeform reflector's aperture, which not only reduces the optical efficiency but also casts a dark shadow on the task plane. To solve this problem, a hemispherical lens is located in front of LED. The planar input surface confines the light into a smaller cone within the critical angle. If the LED is located near the sphere's center, light rays are almost normal to the spherical output surface, so that the light traveling directions are barely changed and the lights are 'condensed' in a smaller emission cone. This allows a gap between LED and the reflector's aperture. The reflector is tilted at an angle for the crossing light ray bundle to pass by LED and the hemispherical lens, as Fig. 5 shows. The configuration depicted in Fig. 5 is perfect for wall washing and accent lighting; both have been widely used to emphasize the content and attract the viewers' attention [10] . Moreover, in this configuration the light source is not positioned between the reflector and the task plane, indicating that it can avoid the problem of obstructed illumination.
The first example for this configuration is accent lighting, which is widely used in museums and exhibitions to draw viewers' attention to paintings, statues and wall decorations [10] . Here a 15°-tilted Lambertian light source is covered by a hemispherical lens and placed at 0.8m away from the target plane. The freeform reflector is used to illuminate uniformly a 2m × 2m target area, as Fig. 6(a) shows. The dimension of the reflector is ~40.2mm × 37.2mm × 13.8mm; it is located at 25mm away from the light source. Figure 6(b) shows the resultant illuminance pattern. It is obvious that inside the 2m × 2m region, the illuminance pattern is uniform and quickly drops to zero outside that region. Such illuminance pattern is ideal for accent lighting where only the content is illuminated and the background is dark so that the content stands out [11] . Another example is luminaires for large area wall washing. For these applications, a single luminaire is required to cover the entire height direction, while in the width direction an array of luminaires are set up to cover it all. In our design, we assume the height is along x-axis and width is along y-axis. For this task, we have designed a freeform reflector for large area wall washing. For a single luminaire, the configuration is the same as that shown in Fig. 6(a) and the luminaire can cover an area of 2m × 2m. However, this time the illuminance pattern is uniform along the x-axis (height), while in the y-axis (width), the illuminance has the triangular shape, as shown in Fig. 7(a) . When the luminaires are aligned along the y-axis with spacing value Δy equals to or slightly less than 1m. Their borders along the y direction tend to disappear and we can get uniform illuminance pattern over a large area, as shown in Figs. 7(b)-7(d). Also from Fig. 7(b)-7(d) we can tell that such luminaries are not very sensitive to the spacing value Δy. This makes such freeform reflector ideal for large area wall washing. The reflector has a dimension of ~39.2mm × 39.4mm × 13.5mm and is located 25mm away from the light source. 
Discussion
The Oliker's algorithm is based on the point source assumption, whereas in real world most of light sources are extended. Freeform optics is usually very sensitive to system modifications [26] . To understand the effect of extended sources, we replace the light source for accent lighting with real LEDs with Lambertian emission pattern. Then we place a hemispherical lens on top of the LEDs to confine their emitting cone. First, we replace the point source with CL-194S-WS, whose packaging is shown in Fig. 4(a) . We can see that there is not much change in terms of illuminance pattern [ Fig. 8(a) ]. This is because the whole packaging of CL-194S-WS is 1.6mm × 0.8mm × 0.3mm, which is quite small as compared to the dimension of the freeform reflector for accent lighting. However, if we replace the point source with a Cree CXA2011 light source in Fig. 8(b) , whose dimension is φ16.2mm for the LED chip and 22mm × 22mm × 2.275mm for the whole packaging, we can find in Fig. 8(c) that the sharp illuminance cutoff at the four edges has vanished, leaving smooth long "tails" at the edge. In accent lighting, this means if the target is still 2m × 2m, there will be a gradual illuminance drop across the target, and the luminaire will naturally cast a shadow on the background [10] [11] [12] . All of these will de-emphasize the target. As for large area wall washing, if we replace the point source with Cree CXA2011 [result shown in Fig. 8(d) ], in the x-axis the same problem as the freeform reflector for accent lighting exists. While in the yaxis, we can still get uniform illuminance. Luckily, for large area wall washing, the requirement for illuminance along the height direction (x-axis) is usually less strict compared to the requirement for accent lighting [10] [11] [12] .
A possible solution for the extended source is to increase the relative size/distance between the real light source and the freeform reflector; this will make the extended source more "point-like". A further improvement is to add illuminance compensation algorithms [21, 27, 28] for the reflector design. 
Conclusion
With the abovementioned examples, we have proved that our improved design method is sufficient for design freeform reflectors for architectural lighting. These reflectors work well for accent lighting and large area wall washing. These design concepts can be extended to other architectural lighting applications such as wall grazing and cove lighting.
